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We study the quantum Fisher information (QFI) of the angular velocity of rotation in an optomechanical system.
Based on the Gaussian measurements method, we derive the explicit form of a single-mode Gaussian QFI, which is valid
for arbitrary angular velocity of rotation. The information about the angular velocity to be measured is contained in the
optical covariance matrix, which can be experimentally determined via homodyne measurement. We find that QFI increases
rapidly when driving the system close to the unstable boundary. This result can be attributed to the strong nonlinearity of the
system at the unstable boundary. Our results indicate the possibility of using an optomechanical system for high precision

detection of the angular velocity of rotation.
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1. Introduction

Quantum measurement is an important technology in
quantum information science.l'# The bound of the detec-
tion accuracy is essentially due to Heisenberg uncertainty
relationship.>®) Quantum parameter estimation can be used
to find this limit in the precision of quantum measurement.!-7]
For a given measurement, the maximal achievable preci-
sion of the estimation is determined by the so-called Fisher
information.[®! Many effective methods have been proposed
to optimize measurements based on Fisher information, e.g.,
Fisher-information-based estimation of optomechanical cou-
pling strengths,®! projective photon-counting measurement of
single photons,!!%! quantum estimation methods for quantum
illumination, ! and so on.

In the field of quantum measurement, the ability to de-
tect the properties of a mechanical object at the quantum
precision limit has attracted significant attention because it
can show the boundary of quantum-classical transition,!'%13]
macroscopic quantum effect!!*-11 and so on. As a poten-
tial platform for precise measurement,!'’~1°! an optomechani-
cal system has natural advantages!?*-?8! because a quantized
light field is very sensitive to mechanical motion.[!829-31]
With the help of optomechanical coupling, a quantum detector
can detect gravitational waves,!73>-34] tiny masses,*>3®! tiny
displacements,37-38] and weak fields with greater precision
than the classical detectors.**) Among them, the measurement
of angular velocity has attracted considerable attention, and is
used as the basis of a gyroscope.?**") Meanwhile, a mechan-
ical object is naturally sensitive to centrifugal force when ro-
tating at a certain angular velocity. Related detection schemes
have also been proposed in optomechanical systems.!“?) By
means of semi-classical treatment, the angular velocity can be
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introduced by the coefficients of the system operator, or by an
effective drive.[*!]

The detection limit of the system has not yet been fully
discussed in these studies. We note that the combination of
the optomechanical system with QFI allows us to estimate the
parameters of the system. In Ref. [9], the designed quadrature
measurements allow very accurate estimation of optomechani-
cal coupling strengths. This offers a possibility to estimate the
angular velocity by using quantum metrology with the plat-
form of optomechanical system. QFI can be used to quantify
this estimation and give the limit. Therefore, in this study we
use QFI to investigate the limit of optomechanical system in
angular velocity detection.

This paper is organized as follows. In Section 2, we in-
troduce the system and derive the dynamical evolution of the
Hamiltonian. In Section 3, we discuss the relationship be-
tween covariance matrix and QFI under Gaussian measure-
ment. The numerical results and the corresponding discussion
are given in Section 4. Finally, a summary is given in Sec-
tion 5.

2. Model

We consider a cavity optomechanical system that consists
of a Fabry—Pérot cavity with frequency @. and a mechanical
resonator with frequency @y,. The cavity is driven by a coher-
ent laser with driving strength € and center frequency ay. The
system is fixed on a rotating table with angular velocity £ (see

Fig. 1). The Hamiltonian of the system reads!*>+3

. 1 .
H = hwca*&+§hwm(ﬁ2+g2) —hGod'ag
7—2%QZ(R+Q)2+ih8(d’e_‘“’(”—&e‘“’(}’), (1)
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where the first and second terms describe the energy of the
cavity and mechanical oscillator, respectively. The third term
is the radiation pressure induced optomechanical interaction
with coupling strength Gy = (@./L)+\/%/(m@y,). The fourth
term describes the kinetic energy of the oscillator due to the
rotation of the turntable. The dimensionless rotational iner-
tia satisfis [ = &(R—J—(i)z with R = Ro/+/h/(moy,), where
Ry is the distance between the center of the turntable and
the oscillator. The last term is the input driving laser with

€ =+/2Px/(hay), where P is the laser power.

Oscillator

P

Fig. 1. Schematic diagram of optomechanical gyroscope. A cavity op-
tomechanical system is placed on a rotating platform with its input end
located at the center of the platform. The platform is rotating with angular
velocity €.

In the frame rotating at the laser frequency @y, we can
obtain the following quantum Langevin equations: [440]

4= Omp, (2a)
. 2 ; 02 s

p=—(0On— —)G — Ymp+God'a+-—R 2b
p=—(0n 2wm)q Ynp+God'd+ - +&,  (2b)
a=—(k+iA)a+iGoag + & + vV 2Kdi, (2¢)

where A = @, — @y is the detuning between the cavity field
and the driving laser. é and dj, are the noise operators of
the mechanical and optical modes, respectively. If oy, > Q,
then the first term in Eq. (2b) reduces to —mp,§. Under strong
driving conditions, one can linearize the equations of motion
around the steady-state values, i.e., O0=0+6 0, where O and
80 are the classical mean value and quantum fluctuation of O.
The classical steady-state amplitude of the cavity field satisfies

- - 2 2 2
o =¢/(k+1iA), where A = A — GO(LZS‘ - %. Then, the

m
linearized equations of motion describing the quantum fluctu-

ations are given by

4= —(k+iA)8a+iGyadg+V2KSay, (3a)

83 = omdp, (3b)

8p=—0mdG— Ymdp+Go(a*Sa+ada’)+&.  (3c)
Here, 84, 64 and 8p are the quantum fluctuation operators
of the system. By introducing the vector of quantum fluctu-
ations u(t) = (6X,8Y,84,6p)", with 6X = (8a+8a%)/v/2,
8Y = (8a—84")/(iv/2), one can rewrite the equations of the
quantum fluctuations by

i(t) = Au(t) +1(1), @)

where (1) = (V2k8Xin, V2Kk6¥iy,0,& (1)) is the noise vec-
tor, and the drift matrix A reads

-K A —GyY, 0

| -4 -k Gx, ©

A= 0 0 0 on | o)
GOXS GOYS —Wn —%m

Here, X = ﬂReaS, and Y; = \/ilmocs. The formal solution
of Eq. (4) can be written as

u(t) = exp(At)u(0) + /0 ‘expAs)n(—s)ds.  (6)

The system is stable and reaches its steady state when all of the
eigenvalues of A have a negative real part. The stability condi-
tions can then be derived by applying the Routh—Hurwitz cri-
terion. From now on, we assume that the stability conditions
are satisfied. If the mechanical quality factor is large enough
Q = O/ > 1, then € (¢) is delta-correlated 4!

(EWEW)+E(EX))/2 2 Y2+ 1)t =), (7)

where 7ig, = [exp(i’%) — 1]~ is the mean thermal excitation
number. In the steady-state limit, the covariance matrix can be
defined as o5 = ((u;(o0)uj(o0) + uj(oo)u;i(e0)))/2. As a conse-
quence, it satisfies the following Lyapunov equation: 7]

Ao+ o0A" = —D, (8)

where D is the noise matrix
9

The parameter to be measured, i.e., £2, is encoded in the drift
matrix A, which determines the steady-state covariance ma-
trix. Therefore, by detecting the output field, one can obtain
information about the covariance matrix, which may help us
to estimate the value of the angular velocity (2.

Now we take the covariance matrix of our model in this
result. The solution of Eq. (8) can be expressed in the follow-

Gs:<6‘;1 GC). (10)
O, OL

Here oy, (o) corresponds to the covariance matrix of the me-

ing matrix form:

chanical (optical) subsystem, while o, brings about the op-
tomechanical correlations. In this system, the output optical
signals can easily be measured through optical homodyne de-
tection, and therefore we can use the input—output relation-
ship Sagu = v2k8a — Saj, to obtain the optical output matrix

OL,out-
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3. QFI of optomechanics with Gaussian mea-
surements

In quantum metrology, the Cramér-Rao bound!*®! is one
of the most important results in parameter-estimation theory.
For an unbiased estimator, the Cramér—Rao bound of the pa-
rameter 6 to be estimated reads

1
AOcR = —F/——,

11
nF(0) (an

where n is the number of measurements. For continuous vari-
ables, F(0) reads

2
ro = e (o)

where P(i|0) = Tr [f[ p] is the probability distribution of the
outcome ( conditional on the unknown actual value 6 of the

12)

parameter, which can be obtained under the measurement of
POVM operator IT. If the measurement is independent of 6,
then the upper bound of the Fisher information is obtained
by maximizing Eq. (12) over all possible generalized mea-
surements in quantum mechanics, I = max (i F > F, which
is called QFI. So the quantum Cramér-Rao bound AOqcr <
A0Ocr For all the possible measured observables, the QFI can
be defined as!49-%

Io="Tr[pL?], (13)

where L is the symmetric logarithmic derivative (SLD) opera-
tor, which satisfy

d 1
L= {Lp).

a6~ 2 1

According to the Gaussian measurements method of QFI, (511
we can derive the following single-mode Gaussian QFI of Q
(the detailed derivations are given in Appendix A):

. detdg 6L,out2Tr [(GL,out/a.Q GL,out)z] + % detdq OL,out

2detop ou? — &

Ip(22)

15)

Thus, the parameter measurement precision can be evaluated
through Eq. (15) when the covariance matrix Of oy 1S deter-
mined. We know that the covariance matrix is a positive semi-
definite matrix and its determinant is the product of the eigen-
values of the matrix. Note that the mean values of the lin-
earized fluctuation Eq. (3) is zero. Meanwhile, the system
decoherence dynamics are certainly affected by the optome-
chanical coupling. Thus, according to the Heisenberg uncer-
tainty relation, det or oyt > 1/4. The denominator of Eq. (15)
will remain greater than zero. From the above analysis and
Eq. (15), it can be found that if the input state is a squeez-
ing state, then QFI can be further improved. The information

of the mechanical oscillator is transmitted to the photon via
the optomechanical coupling. When £ increases, the number
of photons in the cavity increases correspondingly, and conse-
quently 8X and 8Y also increases. The partial derivative of the
covariance matrix with respect to 2, namely, doOp out, then
increases. This is the reason why the measurement accuracy
of © can be improved. Since dg 0L out should be greater than
zero, this guarantees the non-negativity of QFI in Eq. (15).

4. Rotational speed estimation in optomechani-
cal system

In this section, we numerically study the impact of sys-
tem parameters on QFIL. By solving the Lyapunov equation,
the output optical covariance matrix is obtained, and then QFI
can be determined through Eq. (15). Figure 2 shows the den-
sity plot of QFI varies with the laser power P and cavity de-
tuning A. To clearly show the distribution characteristics of
QFI, we only show the regime that I > 0.1 (i.e., the irides-
cence line between green and white areas). The green area
represents the stability regime of the system, while the white
area represents the unstable regime. By changing the optical
dissipation rate k, the stability regime has changed markedly,
and we note that the large values of QFI always appear at the
boundary of the stability regime. Near the unstable regime,
the nonlinear effect of the system plays a leading role, which
greatly affects the value of QFI. Meanwhile, in the unstable
regime, the assumption of steady-state covariance matrix is
not valid and the covariance matrix changes abruptly at the
boundary. This results in the formation of extreme values of
QFI at the boundary. We can also see that the QFI has a lot of
local optimum points at the boundary. This indicates a way to
improve measurement accuracy, i.e., driving the system close
to the unstable regime and finding the global optimum value
for QFIL. Comparing Figs. 2(a) and 2(b), we find that we can
improve the QFI of the angular velocity measurement by in-
creasing the Q factor of the cavity. In Fig. 2(c), we present the
partially enlarged drawing of Fig. 2(a), which clearly shows
the behavior of QFI near the boundary. This also provides us
with a reliable range of parameters for achieving large values
of QFIL. We plot Fig. 2(d) by fixing the cavity detuning along
the boundary. The small peak in (d) indicates the local optimal
value of QFI. For our numerical analysis, we take experimen-
tally feasible parameters,'3?! which are m = 6 ng, L = 25 mm,
On /27 =2.75 % 10° Hz, ¥ = 107 @y, @, = 4.8 x 10> THz.
In addition, we assume that the angular velocity to be mea-
sured is 2 = 35 Hz, and the distance between the center of the
turntable and the oscillator is Ry = 5L.

In the following, we investigate the sensitivity of the an-
gular velocity. We use blue and red detuned lasers to pump
the cavity, and the results are shown in Fig. 3. In Fig. 3(a),
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the laser is blue detuned, and we can see that the steady-
state region increases as €2 gets larger. In this situation, for
Q < 50 Hz, the required maximum laser power is P ~ 1 mW.
In the high rotational speed case, the blue detuned laser is

10 20 30 40 50 2 4 6 81012

[ . __ | 1 [ __|
1
b
& — ® ..v«"“/[
=l 0 j - 0
3 ‘ 3
T I
—1 —1
-2 — - :
107 1079 1073 1 107 107% 10% 1
P (W) P (W)
10 20 30 40 50
(d) :
3 .
; .
3 Eo2 '
< c .
1 :
0.5—1 ) 0 /p
10°¢ 107 107%* 1073 1076 107° 107*
P (W) P (W)

Fig. 2. (a)—(c) Density plot of QFI as a function of laser power P and
cavity detuning A. (d) QFI as a function of laser power P when A
is fixed along the boundary. We set m = 6 ng, Ry = 5L, L = 25 mm,
On /27 =2.75 % 10° Hz, Y = 1075 @, @ = 4.8 x 10> THz, fig, = 100,
and the rotational speed 2 = 35 Hz. In panels (a) and (b) we keep
K/0n = 0.05, and 0.5 respectively. The partial enlarged drawing of
panel (a) is plotted in panel (c) for A ~ 0.6.

5 10 15 20 5 10 15 20 25
| i | . |
100 - 100 ,
(a) (b) /
/ ’/"'
50 50 /
o o e
/‘,
/
0 0
107 107%¢ 1073 1 107 107% 1073 1
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G E
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Fig. 3. (a)—(c) Density plot of QFI as a function of the laser power P and
angular velocity Q. (d) QFI as a function of laser power P when 2 is
fixed along the boundary. The parameters are the same as in Fig. 2. In
panel (a) we keep A = —1 and in panel (b) A = 1. The partially enlarged
drawing of panel (b) is plotted in panel (c) for Q ~ 46 Hz.

no longer valid and one should modulate the laser to the
In (b),
the high rotational speed can be measured on the mW scale,

red detuned regime, which is shown in Fig. 3(b).

while for © < 50 Hz the accuracy of the measurement de-
creased significantly, i.e., QFI < 0.1. The results of Fig. 3
can be understood very clearly because the effective detun-
Lx Golos|> — Go@?R
ng A=A— “om — T‘%
sideration, GoR > 1. Then, increasing the angular velocity

For the parameters under con-

will effectively decrease the effective detuning, which means
that the appropriate regime for our detection scheme is to keep
A ~ —1. We also present the partially enlarged drawing of
Fig. 3(b) in Fig. 3(c), which gives us a clear parameter regime
for achieving large QFI. The local optimal behavior of QFI is
also observed in Fig. 3(d), where the angular velocity is fixed
along the boundary.

5. Conclusion

In conclusion, we have studied the QFI of the rotational
speed in an optomechanical system. We derived the explicitly
single-mode Gaussian QFI for arbitrary angular velocity. Us-
ing this result, we find the way to maximum the value of QFI,
i.e., driving the system close to the unstable boundary. Our
results show that the optomechanical system can be used as a
gyroscope, detecting the rotational speed with high precision.

Appendix A: QFI for Gaussian state

In this appendix, by using the approach proposed in
Ref. [51], we will give a detailed derivation of our main result,
i.e., Eq. (15). For n-mode Gaussian states, the symmetrically
ordered character function is

x5(€) = t(pei™€),

where eim'é = D(€) is the shift operator in phase space
D(&)"#D(&) = # 4 & with r is the 2n-dimensional vector of
position and momentum operators (Xi,...,X,:¥1,...,¥,) and

(A1)

¢ is the classical displacement (g1, . .., gn; P1,- - -, Pn). Accord-

ing to the relationship between the n moment and the charac-

teristic function (r") = li,, d d)é(,,g)

le=o then

oo

1) = Y (@),

n=0

(A2)

By using the exponential expansion and taking the first two
moments, we get

xs(g) _ e*%ﬁTl‘&H&T&’ (A3)

where §; = tr(pr;) and I = Str(p{Ar;,Ar}), with Ar; =
rj — &;. The quadratic form of Eq. (A3) guarantees the Gaus-
sian state, and the form of SLD is also quadratic. We can then
assume the following expression for the SLD:

L=rT®r+rT¢—v. (A4)
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Meanwhile, one can easily find that

.1 1
8= Su({L.p}rj) = Ju(p{L.7;}), (A5)

T = 0 (Lo Hrpnd) = 0o {L {rn ). (A6)

To calculate the traces above, we use the following partially
symmetrically ordered characteristic function:

1 LT T
xp(&1,€2) Etr(p{e”" S eim

2(&1 +€2)COS(%€1TJ€2)~ (A7)

8;1’2) represent the partial derivative with respect to the j-th
element of &; >, we have

dgd; = _i£(1)8;2)xp|€1,2:0a (AB)
ol = —LV9% xple, -0, (A9)
where
L==Y §ppOun—i) 50 —V. (A10)
n,m !
Substituting Eq. (A10) into Egs. (A8) and (A9), then
908 = — oM a? =Yr; All
b0, Y &9, 7 xple =0 =Y TG, (Al
1 !
ol = <Z D] + V) 3},3)XP|§1.2=0
n,m
1
= [r(I’'®) —v|ITj + (2 I + 5qu) i (Al12)
01 T 1. .
where J = “10)= —J' = —J7 is the skew-symmetric
matrix and 1 is the identity matrix. Due to the trace-preserving
condition
tr(Lp) = Lxple) =0 = tr(I'P) —v =0, (A13)
we have the following matrix forms:
dg6 =TI¢, (Al14)
1
oo =2I'®I" — EJCPJT. (A15)

This is an implicit matrix equation. One solution is to use
canonical transform to take it into the diagonal representation.
Here we define a matrix S satisfying SJST = J, then

Srst =1, = (D 0),

0D (Al6)

where D = diag(d;,d>, . ..,d,) > 1 is a diagonal matrix. Since
the covariance matrix I" is canonical matrix

1
SOpI'ST = 28T 1J®J TSt — 5SJJquJTJTJTST

= 281 (STJ8)JDJT(STITS)rST
- %SJ(STJS)ﬂDJT (STITS)JTST, (A17)
then
ool = 21, P — %J@dﬂ, (A18)

where the defined symbol &, = JSJ ®JTSTJT, Notice that I}
and J are commuted with each other

1
Lidelali = 203 Pal — ST Pala)t

1 /1 1
= AP} — 57 (2891;, + JchJT) JT

4
2 2 1 T 1
=2 P 0; — ZJ&ngJ — gq% (A19)
which can be solved explicitly
I39Ialy+ 3J9p10J") i
(Pa) j = ( 4 )i (A20)

2d7d7 —(1/8)

An inverse symplectic transformation can transform it back to
&. By putting Eq. (A10) into the definition of QFI, we have

Iq = tr(pL?) = LY LD ype, -0

_ ( y quknp,ma},?a,(j)+Z/}2vq>jka},§)
Js

Jiklm

- Z Clckal(l)ak(Z) + V2> |£1.2:0
Jik

1

= JU(JPID)+u(I PIP) +tr? (I ®)
—2vr(F®) +¢'rg+v?

= tr[(C @I — %J(I)JT)@] +¢'r¢

= tr(dgI D) + 0y ST 19y 5. (A21)

Now we take the covariance matrix of our model in this
result, i.e., the single-mode optical output matrix oy our. NoO-
tice that the first moment of quantum fluctuations is zero in
our model, it is necessary to know the expression of @ in this
case. Due to the canonical transformation requirements, we
can take the matrix in the following form: o, = Vdetol and
S = (detc)'/*/\/c. Using the inverse canonical transforma-
tion STP,S = STISIPJITSTITS = P, we have

o — Tr [STGdSachTGdS&96+ (1/4)STJ58965TJT5896]

Q 2deto?— (1/8) ’
(A22)
note that Jdg6JTdgc = det dg o1, therefore
Tr [ST6,S99 65T 06,8090 + (1/4)detdgo 1l
I:r[de d9+(/)39](A23)

Q 2deto? — (1/8)
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For the first term in the trace, notice that we only sum over
diagonal elements and oy is diagonal, and then we have

Gdsag GS GdS(?g G]
STGdsag ]
571657 1S0e0)?]

Tr (S
= Tr[
= Tr[(
= Tr[(J/T6Jd0)?]

= Tr[(J"9e0(dp0) '0J90)?]

= detdgc”Tr[((dgo) '0)?]. (A24)

The last step in the above equation uses the rotation property
of trace, and finally we get

detdgo Tr [((990)~'0)?] +(1/2)detdpo
2detc? —(1/8)

Io(0) = (A25)
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